Industrial and research experience has shown that casting quality is significantly affected by the flow of molten metal through the gating system before entering the mold cavity. In general, slow filling can lead to cold-shut and misrun defects, whereas rapid filling can cause sand inclusions and blow holes. The gating system comprises of one or more pouring basins, sprues, runners and gates, and optionally slag traps and filters. The number, location, shape and size of these elements determine the filling sequence and flow rate of molten metal into the mold cavity. Water, whose kinematic viscosity is of the same order as common molten metals, can be used for experiments; previous studies were however, limited to twogate systems. In this work, flow of water and LM6 aluminum alloy through a multi-gate gating system have been compared using numerical simulation. This was followed by experimental observations of water flow in horizontal modular transparent multi-gate gating system developed in the lab, which showed similar trends as the numerical simulations. A statistical analysis of variance in the results of discharge observed with different combination of open gates provided useful insights. These insights are expected to reduce the dependence on computation-intensive CFD based simulations, reducing the total time required to optimize the gating system design for a given casting.
INTRODUCTION
Gating system is the passage that leads molten metal poured from a ladle, into the mold cavity. A typical gating system comprises pouring basin, sprue, well, runner(s) and ingate(s) as shown in the Figure 1 . Its main function is to ensure smooth, uniform and complete filling, thereby minimizing turbulence, air aspiration, sand erosion and slag inclusions. Poorly designed gating systems are the major cause of casting defects. The gating should be designed to provide the desired rate of molten metal flow at correct locations into the casting cavity.
Figure 1 : Elements of a typical gating system
Previous researchers have explored various approaches to design and evaluate multi-gate gating systems. Johnson and Baker (1948) investigated finger, pencil, and horn gates. They reported that most of the molten metal entered the mold cavity through the gate farthest from the sprue. A comprehensive theoretical and experimental study was carried out by Berger and Locke (1951) on horizontal multi-gate gating system. They suggested that the ratio of flow rates from two gates depends on two dimensionless ratios: gate to runner area ratio and discharge coefficient ratio. It was also reported that flow ratios are apparently independent of the distance between the gates, that is, the length of the runner between the gates. Similar results on multi-gate gating system were reported by Johnson et al. (1950 Johnson et al. ( , 1953 , Grube and Eastwood (1950) and Webster (1964) . Different flow rates from these gates probably resulted from the use of a runner with a constant cross-sectional area throughout its length. Ruddle (1956) , Berger and Locke (1951) , and Webster (1964) proposed methods for calculating the relative flows from different gates by computing the frictional and head losses at different channels. Total loss, which is a sum of different losses in channels, is represented by coefficients. All these methods for calculating the relative flows in gates were summarized by Ruddle (1956) and Srinivasan (1962) . Kannan (1991) proposed a pipe-node-path representation system for gating systems. Individual pipe segments are identified with numbers and nodes by alphabets. Determination of the flow rate in each segment was accomplished by writing an energy balance equation for each path in the system and a continuity equation for each node, and then solving the system of simultaneous algebraic equations. This was later modified by Bradley et al (1993) , to facilitate data input and automatic assembly of the system of energy balance and continuity equations governing flow in the gating system. Many researchers, in particular Eastwood (1951) , Swift (1949) and Grube (1950) have studied fluid flow in gating systems and mold cavities with the aid of transparent models usually made of Perspex, in which the flow of metal is simulated by water. The advantage is that the pattern of flow is clearly visible in all parts of the gating system and the cavity. For any useful endapplication, the water model of gating system and cavity should accurately reproduce the character of flow of a metal in the corresponding sand-molded gating system and cavity. One way is to ensure that the Reynolds number is of the same order. Reynolds' number depends on the diameter of flow channels and the kinematic viscosity of the liquid. Interestingly, the kinematic viscosity of liquid metals and alloys falls within a comparatively narrow range of 0.1-1.52 centistokes. The kinematic viscosities of aluminum and magnesium are similar to that of water, and full scale water models of gating systems and cavities for these metals should therefore give a good indication of flow conditions in the actual castings. The kinematic viscosities of the heavier metals, including copper, are lower than that of water, and hence it may be desirable to scale down the dimensions of the water models so as to make the Reynolds' number equal in the models and actual system. Richins and Wetmore (1952) have shown that the velocity profile of liquid aluminum flowing turbulently in a closed duct is similar to that of water at the same Reynolds' number, and Rabinovich (1946) has shown that this is also true of cast iron.
Most of the castings require multiple gates to ensure proper distribution of flow along with sufficient temperature. In general, different sections of a casting are required to fill at approximately the same flow rate and fill time. This ensures similar conditions for solidification, and thereby less variation in mechanical properties. To decide the correct location and cross sectional area of each gate, we need to predict the corresponding discharge. In view of the above, three objectives were taken up in the present investigation. The first is a comparison of water and metal flow rates through gating channels using numerical simulation, to ascertain similarities. The second is the comparison of numerically obtained flow rates with those obtained through experimental studies. The last objective is the statistical analysis of the experimental data to gain further insights in gating design which would help in optimizing gating systems and reducing the simulation time.
NUMERICAL SIMULATION
The flow of molten metal during mold filling is accompanied by turbulence, splashing, separation of streams near change of sections, branching off and rejoining of streams, vortex formation and changes in melt properties such as density, viscosity and surface tension and the onset of solidification, (Ravi and Srinivasan 1996) . It is thus desirable to understand the flow behavior of molten metal during mold filling so that casting engineers can optimize the design of the gating system and relevant process parameters. The flow parameters, such as temperature, velocity, momentum and pressure can be evaluated using computer simulation, and related to relevant casting defects. Numerical simulation is performed by solving Navier-Stokes equations, which comprise mass, momentum and energy equations; these can be simultaneously solved to analyze coupled fluid and thermal behavior. The mathematical modeling of molten metal flow is however, a challenging task since it involves viscous metal flow phenomena with multiple transient free surface boundaries, heat flow in the mold and metal and phase change. It is highly transient and the flow domain keeps expanding. A number of numerical codes have been developed by researchers, many of which are commercially available. In this work, simulation was performed using NovaFlow (Novacast AB, Sweden), which is based on control volume method (Novacast, 2012) . The studies reported in this paper are for a horizontal multi-gate gating system with a gating ratio of 1:2:1.5. A schematic diagram of the gating configuration is shown in Figure 2 .
Figure 2 : Schematic diagram of a multi-gate gating system
Aluminum alloy LM6 and water were selected to compare the nature of their flow through the mold, using numerical simulation. Boundary conditions included pressure head at inlet, surface roughness for wall, and 100% volume fill as the exit boundary conditions for both simulations. The temperature at the inlet is above the liquidus temperature of the fluid. All the other walls are at normal room temperature. Figure 3 and 4 show the velocity distribution along with the amount of discharge in each cavity, for water and molten metal, respectively. It is observed that the flow rate in the last gate is high and it reduces from the last to the first gate. Fill time obtained from the simulation are reported in Table 1 , and used to calculate the flow rate in each gate. The trend was the same for both: higher flow rate in gates farther from the sprue. The discharge from the farthest gate was about twice the discharge from the nearest gate. Another observation is that each cavity had a different filling time owing to varying distance of the corresponding gate from the sprue. The flow rate of aluminum alloy was approximately 1.7 times of that of water through each gate. The simulation were carried out using 3 mm control volume mesh, which was considered small enough to model the gating channels with sufficient accuracy while keeping the computation time within a few hours.
EXPERIMENTAL OBSERVATIONS
Water model experiments are useful to find the actual flow rates in a multi-gate gating system and to investigate various combinations of open gates. The experimental setup is shown in Figure 5 . It is made of transparent acrylic and consists of a tank (pouring basin), tapered sprue, a runner of constant cross section and four gates of the same area of cross section. The gating ratio is 1: 2: 1.5. The setup is mounted on a table which is horizontally aligned with the help of adjustable screws in its legs. Water level in the tank was maintained by pumping back the water from discharge collection tanks. Water coming out of each gate was collected in discharge collection tank and amount of water flow from a particular gate was measured. Table 3 and Figure 7 . In the first combination when all the gates are open (experiment 1), the flow through the farthest gate from sprue was almost twice the flow through the nearest gate from sprue.Another observation is that if one or more gates are closed, then there was more discharge through the open gates, compared to the discharge when all gates are open. The highest discharge is through the farthest gate from the sprue and it reduces from farthest to nearest gate (Table 3 ). This sectional area through which flow occurred was less than the nominal area. /s. Thus irrespective of combination of gates, it can be observed that for three gate systems also, flow rate through the nearest, middle and farthest gate is more or less similar. The maximum deviation of readings from the mean is less than 7%. 
Parameters

COMPARISON OF SIMULATION AND EXPERIMENTAL OBSERVATIONS
For the purpose of comparison of numerical simulation and experimental observations, the combination of 4 gates open is chosen. Table 4 and Figure 11 compare the flow rates obtained through different gates in numerical simulations to that obtained in experiments. It can be observed that the flow rates obtained through experiments and simulation match to some extent. The predicted and observed flow rates are quite accurate for gate 1 and gate 3. For gate 2 and 4, the experimental flow rate is observed to be higher than numerically predicted flow rate. These differences can be attributed to reasons mentioned earlier. 
ANALYSIS OF VARIANCE
To investigate the effect of the number of open gates on the total discharge across various combinations of open gates, a further study using an analysis of variance (ANOVA) was performed. This a hypothesis-testing technique used to test the equality of two or more population (or treatment) means by examining the variances of samples that are taken. It allows one to determine whether the differences between the samples are simply due to random error (sampling errors) or whether there are systematic treatment effects that cause the mean in one group to differ from the mean in another. In the first ANOVA arrangement viz. test number 1, we take all 11 combinations and apply the F-test. The null hypothesis for an ANOVA always assumes the population means are equal. Hence, we may write the null hypothesis as: H 0 : The mean flow rate for all arrangements is same. Since the null hypothesis assumes all the means are equal, we could reject the null hypothesis even if only one mean is not equal. The alternative hypothesis thus is stated as: H a : At least one mean flow rate is statistically not equal. The ANOVA was established on the sum of the square (SS), the degree of freedom (df), the variance (V). The F-test statistic in ANOVA is the ratio of the between and within variation in the data. It follows an F distribution. The unexplained variance or within-group variability is denotes the observation in the group out of groups, is the overall sample size. This F-test statistic follows the Fdistribution with K − 1, N −K degrees of freedom This analysis establishes that gating systems having 2, 3 or 4 gates are different from each other when total discharge of each gating system are compared. If only two gate open systems are considered, which has four combinations, the total discharge of each combination varies only by a maximum of 2.9% from the mean. So these gating systems individually have a similar total discharge irrespective of the combinations of gates which are open for a two gate open system. This gives some confidence to take any one of these gating system to study their parameters and proceed further to optimize the flow rates in each gate. These experiments and the subsequent analysis help to better gauge the trend of flow of fluid through multiple gates. This information can be utilized improve the design of a gating system. Further, the results can be used to derive empirical hydraulic equations, which can estimate the total flow rate and individual flow rate through each gate. These equations can reduce the number of iterations and also the total time for designing and optimizing gating system in practice.
CONCLUSIONS
The comparison of numerical simulation of flow of water and aluminum alloy LM6 through a multi-gate gating system showed that the volumetric flow rate of molten metal was approximately 1.7 times that of water. Both metal and water flow show similar trends of flow through different gates.
Experimental observations in horizontal multi-gate gating system show that the trend in discharge (higher in gates farther from the sprue) are in agreement with previously published literature.
For two gate open systems, the flow rate through the nearest and farthest gate is similar, irrespective of the arrangement of gates. The maximum deviation from the mean is less than 4%. Similarly for 3-gate systems, flow rate through the nearest, middle and farthest gate is more or less similar. The maximum deviation from the mean is less than 7%. Analysis of variance helped in establishing that different number of open gates result in different flow rate patterns and total flow rate. The simulation and the experimental results match the flow trend through the multi-gates. Numerical simulation is susceptible to mesh size and requires several iterations with different mesh size until a proper flow simulation is obtained.
The absolute values of discharge showed significant error in simulation, pointing to the need to improve the simulation model. The current work could be extended by conducting casting experiments with aluminum alloy LM6 to compare the water model analogy. These results can be used to develop more accurate mathematical and simulation models, which will be useful to design and optimize the gating systems in the industry.
